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HRST Rocket/RBCC Options Part 2 
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Relationship to Current HRST Activities 
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Relationship to Concurrent HRST Activities 
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activity; desired to add at least one staged option 
Accommodated by small follow-on effort reported herein 
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ormed the basis for a statement of work for the current tasks reported herein. 


Study Background 


x 

o 

<z> H 
C ffi 
.2 T3 

-«— ) d) 

Oh tn 

o *53 

• r-H 

CO d> 

•g ^ 

♦r 1 o 


»+H 

M— I 

o 

d> 

3 U 

•ag 

P 2 

N ^ 
*rl d) 

O to 

J 3 'w 

T 3 2 
<u ^ 


% « 
< o 


co *r2 
<D .t 3 

p > 

a" ,-s 

_H CO 

Ch C 

d) s 

Qh CO 

O A 


hP T 3 
d) 0) 

£ c 

O •- 
d> o 
OX) T 


P 2^ 
P cd 

+-» c 

p cd 

O 23 

^ > 
cd > 

P T3 

o 3 

\£ to 

Cd O. 
J-h O 

P 'C 
OX) Ph 

Ip d) 

o H 
U I 


1 


— Differences in weights conservatism greater than concept differences 

Staged options as an alternative to takeoff assist 

— Can we preserve benefits of SSTO while reducing sensitivity? 



Current Study Objectives 

The current study objectives stated on the facing page responded to the stated needs. These objectives 
satisfied and are reported in this briefing. 
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Current Study Objectives 
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maintain SSTO benefits while reducing inert 
weight sensitivity. 



This report is organized according to the agenda given here. 
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TSTO Results 
Comparisons 



The facing page summarizes delta V estimates for the rocket options. These are based on the spread-sheet 
trajectory described in the report of the previous study phase, and on estimates of differences between 
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Mass ratios calculated here were used for iterative spread sheet weight estimates, adjusting propellant load until the 
required mass ratio is established by the ratio (takeoff weight)/(injected weight). 


Rocket Option Delta V and Sizing 
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Mass ratio required is 7.445 

TSTO lo-stage is 600 m/sec less (est) = 8608 m/s 

Mass ratio required is 6.884 
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Sizing the RBCC Installation: 
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Number of thrust chambers = 1653/33.6 = 49 

If we increase the mixing length to 6 m we can use 32 thrust 
chambers at 50 klbf, a more convenient number 



Sizing the RBCC Installation: 2 

Analyses conducted during the first phase of study indicated a bypass ratio about 3 was appropriate for the RBCC 
at low Mach number. The facing page summarizes the calculation of capture area at Mach 1 . 
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Assisted HTOHL Top View 





: RearView and Statistics 
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Assisted HTOHL Perspective 







Assisted RBCC Rear View and Statistics 
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Comparison Preliminary Observations 
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Argus main propulsion looks light, considering SERJ cycle (has fan). 

Argus TPS looks light. Smaller size should lead to higher TPS 
fraction relative to other systems. 



Adjustments to Assisted HTOHL 
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Increase OMS/RCS propellant system from 0.24% to 0.28% 

Decrease OMS/RCS propellant from 1.27% to 1.06% (this probably 
reflects different on-orbit delta V requirements) 

Include engine weights in weights margin basis 




Weights Comparison Worksheet 
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The comparison results are presented graphically on the facing page. Adjusting the weights conservatism for the 
concepts to be directly comparable shows a significant advantage in takeoff and empty weight for the assisted 
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Staging has been recognized as a way to improve the performance of rocket propulsion systems since the early 
work of Tsiolkovskii, Oberth and Goddard. Staging, however, complicates the vehicle and its operations. Studies 
of staged reusable space launch vehicles began with the von Braun “Across the Space Frontier” rocket concent of 
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Boosters separate between Mach 1 .2 & 1 .4 

Through transonic drag rise 

- Minimal down-range recovery point (~ 15 km) 

- Simple hybrid boosters, parachute sea recovery 
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The traditional TSTO is about 9% less liftoff mass than the “lo stage ” TSTO to be described, 
but requires development and operation of two large high-speed airframes. It is far more 
complex operationally. 
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Mass Estimate for Payload Stage 

The mass estimate is summarized on the facing page. Additional information, method and rationale 
the appendix to this document. 



Mass Estimate for Payload Stag 
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Hi Stage TSTO Payload Stage Weight Estimate 
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Hi Stage TSTO 2nd Stage Weight Estimate 



Dry Weight Distribution 


ft 

E 

E 

3 

C/3 

C/5 

*s 


co 

u- 

a> 

> 

o 

a> 

DX 

93 

C/5 


i 

a 

o 


93 
<D 

<D 

ts 
« .s 

e s 


Cl 

C/5 


1) 

c3 

C/5 


X3 

. 171 

*53 

C/5 

CO 

a> 

x 


C3 

C 

.o 

'C 

o 

a 

<3 

>1 


CO 

w- 

<D 

> 

O 

c 

CO 

+-> 

CO 

J3 


d u g - ^ 

to T3 ,3 o ,3 ■“ 

ct C Oh o 

K ” . T3 CO <« 


Hi Stage Overall Weights S 




o> 

CD 




CD 

CD 

CO 




CM 

CO 

CM 



▲ 


I 

1 


<D 

U) 

03 

CD 

<5 


03 

O 


"O 

03 

O 



03 

0. 



"O .c 
C O) 


3 "5 

2 5 

< 8 

<D O 

c ^ 



▲ 


► Empty Weight ► 97,478 (214,900) 

Overall Gross Weight 1,085,000 (2,393,000) 



The lo-stage concept takes the opposite tack from the hi-stage concept: stage early in the flight. The delta V 
required of the SSTO-like vehicle is reduced and simple, low-technology boosters with simple recovery can be 


>> 

0> 

03 

'cl 

& O 
on 

_ O 


c ^ 

g « 
| g 

• b ft 
a) •£ 


2 j* 

euci bs 
c ft 

‘3 ° 

.2 to 
.p o 

on p 
g to 

b S 
ta *5 
o ‘c3 
<u p 

1 if 
s « 

<D > 
> ^ 


c /a SS 

o 2 ^ 

o p 

-O .s g 

<D ™ 

p o .22 

^ C3 •*-> 

o fc ws 


1 5 *6 

°* 4> C 


0 u u 

T3 W tfc- 
3 u T3 *§ 

•g £ S 

! &2 

-C t) 

.SpJe % 

s 

> c g 

’3 

Js cS « 
*- .C r£ 

Pi .5 o 

•o "33 D 

« g 

..H o § 

•b c/3 c/a 

on r- s — ' 

03 ip 

p o> b 

1 g S 

,-s 

.w £2 ~ 

’ i jS I 

« o o 
1 >, JS *c 

5?^ o 

rp« 43 
43 

CB O 

fll r^i 

2n C £3 

P o U 3 

OJ N u 
o *c g 

« 5 § 

CQ 43 4=> 


cd wn 
(D 


8 B 

0 O 

5 E 

,<D on 

1 8 
s3 ^ 

cn b 
cn p 
D 2 

U- i Oh 

ft on 
<D <D 

a 

a> 

on ft 

o 5 

U, O 
<D *p 
03 

X I 

O E 

■J p 


ft 

ft £ 

o •« 


S-. c/3 

3 § 

£ 

c 

x: o 

oq 

Oh ^ 
ft 

E tg 

i O 

X 43 
O - 
J £ 

<u tp 

«3 d 

T3 f* 
<U X? 
b <L> 

2 b 

on 2 
S3 c/3 

rp ^ 
on c3 

<5 c/a 
p U 
on r- 

O *rL 

J8 & 
» « 

£3 


00 _ 
« E 

T- -Q 


■jjfooS 

855 


0 

1 

H 


D)t— 0 
m m 


Payload 25,000 lb 

Payload bay 1 5 x 45 ft 

Booster loaded weight 253 klbm each 



The facing page presents a perspective view of the TSTO lo-stage concept. 



TSTO Lo Stage Perspective 



TSTO Lo Stage Weight Estimates 
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TSTO Lo Stage Weights Estimate 
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Main Rocket Engines 











Weights Growth Margin (1 5) 
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Rocket Options Comparison 
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Notes: 

Hi Stage - SSTO-like booster once around with payload carrier stage 
Assisted SSTO - Original assisted horizontal takeoff all-rocket 
Lo Stage - SSTO-like vertical takeoff vehicle with booster rockets 




Evaluation of TSTO Options 

The facing page presents the overall evaluation of the staged options in bullet form. The chart is self-explanatory. 


Evaluation of TSTO Options 
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Boosters are inert until LOX loaded, no ground handling problem 

Infrastructure and orbital stage R&D savings estimated to pay for 
booster R&D and operations 

Lo stage concept is recommended as best “find” of the study. 
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■Mach 6 transition 

■ H2/02 rocket ascent to orbit 

■Requires extensive testing to confirm performance 

■“Best Buy” TSTO lo-stage. Runner-up: Kerosene/oxygen RBCC 
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► Pressure losses of the combustion tlow path 

► Combustion inefficiency (usually slight) 

► Expansion losses (usually slight) 

► Limits on expansion pressure ratio due to exit area limitations 




Heats of Combustion 
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540 kcal/kg heat of vaporization; 9720 kcalAnol 

Kerosene heat is reduced by 9720 kcal/mol 

Result is 144,000 kcal/mol = 10,300 kcal/kg = 43 MJ/kg 




Thrust Coefficient 



Then C T = { pA C V , [V 2 ( 1 +r) - V ,] }/(A c * pV , 72 
Which simplifies to 2*[V7V I ( 1+r) - 1] 
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Idealized exit velocity : 

► /2E = 1000*sqrt(2*(l .62+3.486)) = 3195 m/s 

► Velocity change = 3195 - 1800 = 1395 m/s 

Ideal thrust coefficient 2* [(3 195/ 1800) 1.028 -1] = 1. 




Efficiency Factors: Total Energy (2 
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Ideal exit velocity = 2950 m/s 
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Available Energy (2) 
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Appendix: Thrust Structure Estimate 

Thrust Bridae 
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and base heat mm structural support and 1 cm assume T/W - 0.25. 

shield insulator thickness 

Landing Gear Based on landing weight with 4% of landing weight 











7PS Wetted area except wing upper 5 kg/m2 = 1 Ib/ft2 + allowance for wing leading edge and nose 

skin cap. Assume wing leading edge 5 mm thick by 20 cm wrap, 5 

t/m3 density % 35% for attachment and thermal isolation. 6.75 
kg per m leading edge length. Assume nose cap 50 kg. 



clusters 











Electrical Power Fuel cells; assume 3 kWe on 
Generation orbit 3 days plus 25 kW during 

45-minute entry & landing. 
Total is 235 kWh; assume 1/2 
kg/kWh reactants and reactant 








. Surface Area of a Paraboloid 
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to the booster, torsion loads will be small. The torsion box is sized by bending loads. It is assumed that the 
effective c.g. of the vehicle is 8 m forward of the aft bulkhead of the payload bay and that the mass acting on the 
torsion box in pitch and yaw bending is 25 t. at 3 g. The bending moment is roughly 6 x 10 6 N-m. The cross- 
section of the ends of the torsion box is calculated to be 0.003 m 2 . Assuming GrEp at density 1600, the mass of the 
ends is 55 kg each for 1 10 kg total. The top & bottom of the box are assumed about twice this mass giving a total 



K PIV is a variable geometry correction factor which is 1 .0 for this application. 
N is ultimate normal load factor 
W TO is takeoff (loaded) weight in lb. 
t/c is thickness ratio 




A le is leading edge sweep 
X is taper ratio 
A is aspect ratio 
S w is wing area in ft 2 . 
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This study is an extention of a previous effort by the Principal 
Investigator to develop baseline data to support comparative 
analysis of Highly Reusable Space Transportation (HRST) concepts. 
The analyses presented herin develop baseline data bases for two 
two-stage-to-orbit (TSTO) concepts: l)Assisted horizontal take-off 
all rocket (assisted HTOHL) and 2) Assisted vertical take-off 
rocket based ^combined icycle (RBCC). The study objectives were to: 
l)Provide configuration definitions and illustrations for assisted 
HTOHL and assisted RBCC. 2)Develop a rationalization approach and 
compare these concepts with the HRST reference, and 3) Analyze TSTO 
configurations which try to maintain SSTO benefits while reducing 
inert weight sensitivity. 









